Proline utilization A (PutA) is a membrane associated multifunctional enzyme that catalyzes the oxidation of proline to glutamate in a two step process. In certain Gram-negative bacteria such as Pseudomonas putida, PutA also acts as an auto repressor in the cytoplasm when an insufficient concentration of proline is available. Here the N-terminal residues 1-45 of PutA from P. putida (PpPutA45), are shown to be responsible for DNA binding and dimerization. The solution structure of PpPutA45 was determined using NMR methods, where the protein is shown to be a symmetrical homodimer (12 kDa) consisting of two ribbon-helix-helix (RHH) structures. DNA sequence recognition by PpPutA45 was determined using DNA gel mobility shift assays and NMR chemical shift perturbations. PpPutA45 was shown to bind a 14 base-pair DNA oligomer (5′-GCGGTTGCACCTTT-3′). A model of the PpPutA45-DNA oligomer complex was generated using Haddock 2.1. The antiparallel β-sheet that results from PpPutA45 dimerization serves as the DNA recognition binding site by inserting into the DNA major groove. The dimeric core of four α-helices provides a structural scaffold for the β-sheet from which residues Thr5, Gly7, and Lys9 make sequence specific contacts with the DNA. The structural model implies flexibility of Lys9 which can either make hydrogen bond contacts with guanine or thymine. The high sequence and structure conservation of the PutA RHH domain suggest interdomain interactions play an important role in the evolution of the protein.
INTRODUCTION
Proline utilization A (PutA) is a multifunctional enzyme that allows Gram-negative bacteria, such as Escherichia coli and Pseudomonas putida, to utilize proline as a carbon and nitrogen source.1 , 2 PutA converts proline into glutamate in a two-step process that requires a proline dehydrogenase domain (PRODH) and a Δ 1 -pyrroline-5-carboxylate (P5C) dehydrogenase domain (P5CDH).3 PRODH and P5CDH are separate enzymes in Gram-positive bacteria, archea, and eukaryotes. 4 Proline is first oxidized to P5C coupled with the reduction of the In PutA from E. coli, the DNA binding domain was shown to form a ribbon-helix-helix (RHH) fold, consisting of a β-stand formed by residues 3-11 (β 1 ) followed by two α-helices formed by residues 12-25 (α I ) and 29-46 (α II ).6 , 15 The functional unit of the RHH domain is a dimer,1 in which the β-strands form an antiparallel β-sheet in the dimer. The RHH domain is predicted to be conserved among organisms where PutA has transcriptional regulatory activities. 16 Sequence specific DNA binding by β-sheet residues is a defining characteristic of the RHH superfamily. The RHH β-sheet is positioned into the DNA major groove to enable specific interactions with the unique operator sequence.16 , 17 E. coli PutA binds to five binding sites in the put regulatory region, which all contain a GTTGCA sequence. 18 This GTTGCA sequence has been identified in the put regulatory regions in all organisms where PutA has a demonstrated regulatory function.18 A site predicted to have optimal binding affinity was selected for our NMR studies.18 P. putida is a non-pathogenic organism with utility in bioremediation because of its metabolic diversity and ability to metabolize a wide-range of carbon sources. 19 , 20 PutA from P. putida is a 1315 amino acid polypeptide and functions as a transcriptional repressor of the put regulon in a manner similar to E. coli PutA.2 Thus, the DNA binding domain of P. putida PutA is predicted to contain an RHH fold and bind to put regulatory regions similar to E. coli PutA. In order to better understand the structural basis of the DNA binding interaction of PutA and the evolutionary conservation of PutA structures among Gramnegative bacteria, we have determined the solution structure of the dimeric DNA binding domain of PutA from P. putida corresponding to residues 1 to 45 (PpPutA45) and its complex to a 14 base-pair DNA oligomer using heteronuclear triple resonance NMR methods.
MATERIALS AND METHODS

Protein Purification
The N-terminal 45 residues of PutA from Pseudomonas putida (PpPutA45) were amplified by PCR using primers 5′-GCAGCCATATGGCGACTACCACC-3′ and 5′-CCACCCTCGAGCTTCTCCAGG-3′ that incorporated the NdeI and XhoI restriction endonuclease sites, respectively. The PCR product was then cloned into the vector pET23b using NdeI and XhoI. The resulting construct, PpPutA45-pET23b, was verified by nucleic acid sequencing.
Uniformly 13 C, 15 N-enriched PpPutA45 was expressed as a C-terminal 6xHis tag fusion protein (6 kDa monomer) from PpPutA45-pET23b in E. coli strain BL21 DE3 pLysS in M9 minimal medium containing ( 15 NH 4 ) 2 SO 4 and U- 13 C-glucose as sole nitrogen and carbon sources. Initial growth was carried out at 37 °C until the OD 600 of the culture reached about 0.8. The incubation temperature was then decreased to 20 °C and protein expression was induced by the addition of IPTG (isopropyl-β-D-thiogalactopyranoside) at a final concentration of 0.5 mM. Following overnight incubation at 20 °C, cells were harvested by centrifugation at 7500 × g for 10 min. The resuspended cells were broken by sonication on ice using a pulse sequence of 15 sec on and 45 sec off (5 min total pulse time). The broken cell debris was removed by centrifugation at 34000 × g for 40 min at 4 °C. The cell free extract was then applied to a Ni 2+ NTA affinity column and PpPutA45 was eluted by standard methods. After purification, PpPutA45 was dialyzed into a 50 mM phosphate buffer at pH 6.2 with 0.2 M NaCl. The 6xHis tag was retained for subsequent experiments. The concentration of the PpPutA45 was determined using the BCA method (Pierce) with bovine serum albumin as the standard and spectrophotometrically using a newly estimated molar extinction coefficient at 280 nm for PpPutA45 (4690 M −1 cm −1 ). The purity of the protein is above 99% as judged by SDS-PAGE analysis. The C-terminal 6xHis tag has been shown previously not to interfere with PutA-DNA binding. 15 The dissociation constants for the EcPutA52-DNA and PpPutA45-DNA (P. putida put control DNA) complexes range from 10-30 nM, respectively, for the non-His tagged and C-terminal 6xHis tagged proteins (data not shown).
Analytical ultracentrifugation
The oligomeric state of PpPutA45 was measured at 20 °C by analytical ultracentrifugation using an Optima XL-I analytical ultracentrifuge (Beckerman Coulter, Inc., Fullerton CA) equipped with an eight-hole An50 Ti rotor. PpPutA45 was dialyzed against 50 mM sodium phosphate buffer (200 mM NaCl, pH 6.2) overnight and passed through a 0.22 μm filter to remove any large aggregates prior to loading. Three loading concentrations of 0.1 mg/ml, 0.3 mg/ml and 0.9 mg/ml in 110 μl were used and the reference cells were filled with 125 μl of the dialyzate. Radial scans at 280 nm were recorded at 22 h, 24 h, 26 h and 28 h at 25,000 RPM and represent the average of ten measurements at each radial position with a spacing of 0.001 cm. Data were fit by global analysis to a self-association model using SEDFIT. 21 The partial specific volume of PpPutA45 used for best-fit analysis of the data was 0.736 calculated from SedTerp.
NMR data analysis and P. putida PutA45 structure calculation
All NMR spectra were recorded at 25 °C on a Bruker 600 MHz NMR system. Spectra were processed using the NMRPipe software package22 and analyzed with PIPP. 23 The assignments of 1 H, 15 N, and 13 C resonances were determined based on the following standard experiments: HSQC, HNCO, HNCA, CBCA(CO)NH, CBCANH, C(CO)NH, HC(CO)NH, HCCH-COSY, and 3D 13 C-edited NOESY.24 NOE assignments were obtained by using 3D 15 N-edited NOESY and 3D 13 C-edited NOESY. NOE intensities were sorted visually into four classes: strong (1.8-2.5), medium (1.8-3.0), weak (1.8-4.0), very weak (3.0-5.0). Upper distance limits for distances involving methyl protons and nonstereospecifically assigned methylene protons were corrected appropriately for center averaging.25 Distance constraints from intramolecular NOEs were assigned to both the A and B chains in the PpPutA45 dimer structure. NOEs between residues predicted to be involved in the dimer interface from a PpPutA45 homology model were initially assigned as both intra-and intermolecular NOEs. This maintained a symmetric PpPutA45dimer structure at the early stages of refinement when a minimal number of distance constraints were identified. Constraints that exhibited high violations (> 0.5 Å) in the PpPutA45 monomer structure were then only assigned as intermolecular NOEs. Similarly, constraints that exhibited high violations (> 0.5 Å) between the monomer structures were then only assigned as intramolecular NOEs.
Torsion angle constraints were obtained by chemical shift analysis using the TALOS26 software program, and measured coupling constants from an HNHA experiment. The ranges for the ψ and ϕ dihedral angles were ± 30° and ± 50°, respectively.
Hydrogen bond constraints were determined using the (CLEANEX-PM)-FHSQC experiment.27 A total of 2048 data points were collected in the 1 H dimension and 66 data points were collected in the 15 N dimension. The spectrum was collected with 256 transients and a sweep width of 8012.82 Hz in the 1 H dimension and 1613.424 Hz in the 15 N dimension. The mixing time was set to 100 ms with a CLEANEX spinlock power of 2 KHz. The (CLEANEX-PM)-FHSQC spectrum was compared with the 2D 1 H-15 N HSQC spectrum, where amides with missing peaks were assigned hydrogen bond constraints. These residues were selected because the (CLEANEX-PM)-FHSQC spectrum identifies amide residues with fast water exchange rates. The hydrogen bond distance constraints were set at 2.8 Å between the carboxyl oxygen and the amide nitrogen, and 1.8 Å between the carboxyl oxygen and the amide proton. Carboxyl groups within 2.5 Å of the slowly exchanging amide groups were selected to be involved in a hydrogen bond.
A symmetric PpPutA45 dimer structure was obtained by using the non-crystallographic symmetry (NCS) function in XPLOR-NIH. NCS is an energy term that maintains a small root-mean square difference (RMSD) for the superposition of equivalent atoms from each monomer within the PpPutA45 dimer structure. All distances (including dimeric interactions) and torsion angle constraints were used as NCS constraints, with a 500 kcal/ mol force constant and a RMSD limit of 0.2 Å.
A total of 100 structures were calculated using XPLOR-NIH software.28 30 of the lowest energy structures were further refined using the hybrid distance geometry dynamicalsimulated annealing method29 with minor modifications30 using the program XPLOR-NIH28 adapted to incorporate pseudopotentials for 3 J(HN-Hα) coupling constants,31 secondary 13 Cα/ 13 Cβ chemical shift constraints,32 radius of gyration33 and a conformational database potential.34 -36 The 30 lowest energy structures were then subjected to further energy minimization with CNS using explicit water solvation that included Lennard-Jones and electrostatic potentials using a modification of the procedure and forcefield of Nilges.37 An average PpPutA45 structure was calculated from these 30 structures.
The target function that is minimized during restrained minimization and simulated annealing comprises quadratic harmonic terms for covalent geometry, 3 J(HN-Hα) coupling constants, and secondary 13 Cα/ 13 Cβ chemical shift constraints, square-well quadratic potentials for the experimental distance, radius of gyration and torsion angle constraints, and a quartic van der Waals term for nonbonded contacts. The radius of gyration can be predicted with reasonable accuracy on the basis of the number of residues using a relationship determined empirically from the analysis of high resolution x-ray structures. 33 The force constant for the conformational database and radius of gyration potentials were kept relatively low (0.5-1.0 kcal/mol) throughout the simulation to allow the experimental distance and torsion angle constraints to predominately influence the resulting structures.
The force constant for the NOE and dihedral constraints were 30 times and 10 times stronger than the force constants used for the conformational database and radius of gyration potentials, respectively38. All peptide bonds were constrained to be planar and trans. There were no hydrogen-bonding, electrostatic, or 6-12 Lennard-Jones empirical potential energy terms in the target function.
Gel-shift assays
Gel-shift assays using fluorescently labeled put intergenic DNA were performed to test PpPutA45 binding to put control DNA from P. putida and E. coli. DNA was fluorescently labeled with IRdye-700 (LI-COR, Inc.) by PCR as previously described.6 IRdye-700 labeled put intergenic DNA (2 nM) from P. putida (PpPutC) or E. coli (EcPutC) were incubated with PpPutA45 (0-500 nM) in a total volume of 25 μl in 50 mM Tris, pH 7.5, containing 10% glycerol for 20 min at 20 °C before electrophoresis. Calf thymus competitor DNA (100 μg/ml) was added to the binding mixtures to prevent nonspecific PpPutA45-DNA interactions. The PpPutA45-DNA complexes were separated using a nondenaturing (8%) polyacrylamide gel at 4° C. The gels were visualized using a LI-COR Odyssey Imager.
Synthetic oligonucleotides of 12-bp (O2-12, 5′-GCGGTTGCACCT-3′) and 14-bp (O2-14, 5′-GCGGTTGCACCTTT-3′) were purchased from Integrated DNA Technologies. Both oligonucleotides contain the core sequence element GTTGCA and vary only in the length of the flanking sequence. Duplex DNA of each oligonucleotide was prepared by annealing the complementary oligonucleotides in 10 mM Tris buffer (pH 8.0, 50 mM NaCl, 1 mM EDTA) by first heating at 95 °C for 5 min then gradually cooling down the oligonucleotide mixture to room temperature. For gel mobility shift assays, double stranded DNA oligomers (100 nM) were incubated with PpPutA45 (0 -400 nM) in 20 mM potassium phosphate buffer (pH 7.4, 100 mM NaCl) at 20 °C for 20 min before electrophoresis. The mixtures were then separated using a nondenaturing (8%) polyacrylamide gel at 4 °C. DNA were then stained with ethidium bromide and visualized using Bio-Rad Quantity One.
Protein-DNA Docking
Titration analysis was carried out with 85 μM PpPutA45 in a 50 mM phosphate buffer solution (pH 6.2) with 200 mM NaCl. The 14 base-pair double-stranded DNA oligomer (O2-14) was titrated into the protein solution using a 873 μM stock solution to obtain a final 1:1 molar ratio of O2-14 to PpPutA45. A 2D 1 H-15 N TROSY experiment was acquired for both the free PpPutA45 and the PpPutA45:O2-14 complex samples using a Bruker AVANCE 800 MHz NMR equipped with a triple-resonance Z-axis gradient cryoprobe. The magnitudes of the chemical shift perturbations (CSPs) were calculated using a common weighting approach: (1) where δ N and δ H represents the changes in 15 N and 1 H chemical shifts upon ligand binding, respectively.39 A model of the PpPutA45 molecular surface was created using VMD-XPLOR 1.8.5,40 where the surface is colored by the magnitude of the observed chemical shift changes scaled from 0 (white) to 10 (blue).
The PpPutA45:O2-14 complex was modeled using the high ambiguity driven biomolecular docking system (Haddock), which uses chemical shift perturbations to create ambiguous interaction constraints to calculate a co-structure.41 PpPutA45 residues that exhibited a missing NH peak or a > 0.05 ppm chemical shift difference in the PpPutA45:02-14 2D 1 H-15 N TROSY spectrum were defined as active in the Haddock rigid-body docking of PpPutA45 to the O2-14 DNA oligomer. This included PpPutA45 residues that disappeared (e.g., Lys34) or exhibited multiple peaks (e.g., His30) upon the addition of the O2-14 DNA oligomer. Other solvent accessible PpPutA45 residues, with higher than average chemical shift perturbations (> 0.03 ppm), were selected as passive in the Haddock rigid-body docking. A canonical B-DNA structure for the O2-14 sequence was constructed with the DNA model program model.it.42 All nucleotides of O2-14 sequence were selected as active residues in the Haddock docking.
A total of 2000 structures for the PpPutA45:O2-14 complex were generated by Haddock 2.1 using rigid body energy minimization. Sampling of 180° degree rotated solutions was used during the rigid body docking. The 200 lowest energy rigid body structures were further refined by semi-flexible refinement, where PpPutA45 side chains of active and passive residues were allowed to move. Similarly, all the nucleotides of the O2-14 DNA, except for the terminal bases, were allowed to move in the semi-flexibility stage. The 200 structures were then further refined using explicit solvent, an 8 Å layer of H 2 O. The resulting 200 structures were clustered using the backbone RMSD for both the protein and DNA structures with a cutoff of 4.5 Å. The 10 lowest energy structures from the lowest energy cluster was selected, averaged, and further analyzed.
Electrostatic potential calculation
Electrostatic potentials for the PpPutA45 structure were calculated and visualized in GRASP. 43 The surface-mapped potential is graded from −5 kT/e (red) to 5 kT/e (blue). Electrostatic potentials for the PpPutA45-DNA models were calculated using the software program Gemstone (http://gemstone.mozdev.org). The structures were visualized using VMD-XPLOR with the APBS 1.1.44
Similarity Search and Phylogenetic Mapping
The sequence alignment of the 8 RHH DNA binding domains was obtained by using PSI-BLAST (http://www.ebi.ac.uk)45 and the E. coli sequence as the template. The phylogenetic trees for the 66 known RHH DNA binding domains and PRODH domains was generated using CLUSTALW.46
RESULTS AND DISCUSSION P. putida PutA45 is a dimer in solution
The oligomeric state of PpPutA45 was determined by analytical centrifugation using conditions similar to the NMR studies. Sedimentation velocity experiments verified that a dimeric species of PpPutA45 was present in our NMR sample. Sedimentation equilibrium was then performed with three different concentrations of PpPutA45. A molecular weight of 12,244 Da was determined for PpPutA45 by a global fitting analysis of the three datasets to a self-association model using SEDFIT. 21 The calculated molecular weight from the PpPutA45 sequence is 6,007 Da, thus PpPutA45 is a dimer in solution. Fig. 1 shows the results for a sedimentation equilibrium experiment with PpPutA45 (0.9 mg/ml).
Extent of PpPutA45 NMR assignments and secondary structure analysis
The 2D 1 H-15 N HSQC and other NMR spectra indicate PpPutA45 is a symmetric homodimer since a single-set of NMR assignments were observed. Essentially complete backbone and side-chain assignments were obtained for PpPutA45, where 41 out of 43 nonproline amide residues were assigned. The N-terminal residues M1 and T3 were not observed in the 2D 1 H-15 N HSQC spectrum. 44 out of 45 Cα, 44 out of 45 Cβ, and 40 out of 45 C′ were assigned for PpPutA45 where M1 and the C-terminal 6xHis tag were unassigned. The side-chain assignments are complete except for R27 and P29 which are located in a loop region and were only partially assigned. The PpPutA45 NMR structure consists of two α-helical regions located at residues 12-24 (α I ) and 30-45 (α II ). The secondary structure of PpPutA45 was determined using Cα/Cβ secondary shifts, NOE data involving HN, Hα, Hβ, and 3 J(HN-Hα) coupling constants.47 , 48 The observed secondary structure is consistent with the conformation of the RHH family, further confirming the accuracy of the NMR assignments. All available backbone and side chain chemical shift assignments are deposited in the BioMagResBank Database (accession code 7082).49
PpPutA45 NMR structure calculation and analysis
The PpPutA45 solution structure was calculated using a total of 1410 distance constraints, 167 backbone dihedral angle constraints, 50 3 J(HN-Hα) coupling constant constraints, and 162 13 Cα/ 13 Cβ chemical shift constraints, and a radius of gyration of 8.84 Å estimated from the PpPutA45 sequence length.33 A total of 100 structures were calculated for PpPutA45, where the 30 lowest energy structures were selected for further analysis. The resulting PpPutA45 structures are consistent with the NMR data as evident by the low rms deviations from experimental distance, dihedral, 13 Table I .
The quality of the PpPutA45 NMR structure was analyzed using PROCHECK. 50 The results show that PpPutA45 has an overall G-Factor of 0.24, hydrogen bond energy of 0.50 and no bad contacts, which are all consistent with a good quality structure. Also, all nonglycine dihedral angles lie within the expected region of the Ramachandran plot, where 97.5% of the backbone dihedral residues lie within the most favorable region. The consistency of the dihedral angles between each monomer further illustrates the quality of the structure since, as expected; a symmetric PpPutA45 dimer was obtained. The 30 lowest energy structures and the restrained-minimized average structure were deposited into the PDB (2JXG, 2JXH).
Description of the PpPutA45 NMR structure
The NMR structure of PpPutA45 (Fig. 2a) consists of two well defined α-helices corresponding to residues 12-24 (α I ) and residues 29-45 (α II ) separated by a β I -turn at residues 25-28, which is consistent with the expected RHH fold. The two monomers are intertwined where the hydrophobic face for each set of α-helices forms a stable hydrophobic core. The N-terminal β-strands (residues 3-10) from each monomer interact to form an antiparallel β-sheet.
Examination of the 30 superimposed PpPutA45 structures (Fig. 2b) illustrates well defined α-helices and β-sheet secondary structures. The β-sheet contains 8 hydrogen bonds between residues 3-10 of each strand, and has a slightly twisted orientation. The two helical regions exhibit amphipathic characteristics, which is important for stability of the PpPutA45 core structure. Helix I has a negatively charged N-erminus and terminates at Ser24 before entering the β I -turn that connects helix I to helix II. Pro29 caps the N-terminus of helix II, which contributes to the 90° orientation of helix II with respect to helix I. The N-terminus of helix II presents a positively charged face with residues His30 and Lys34. These N-terminal residues of helix II are proposed to be part of the PpPutA45 DNA interaction site that also includes residues Thr5, Gly7 and Lys9 from the β-sheet and Arg15 from helix I. The PpPutA45 hydrophobic core for each monomer is comprised of residues Leu18 and Ala22 from the C-terminal end of helix I and Leu32 from the N-terminal end of helix II. The backbone carbonyl group of Ala22 forms hydrogen bonds with the backbone amides of residues Ile25 and Asp26, which are in the β I -turn that connects helix I and II. Pro29, at the N-terminus of helix II, is also in a unique position to provide favorable hydrophobic interactions with residues Ala22, Leu18 and Thr28 that further stabilize the helical core of PpPutA45.
The PpPutA45 dimer interface forms a large hydrophobic core composed of residues Leu10, Leu18, Ala21, Ala22, Leu32, Ile33, Ala36, Ile37, Tyr40, and Leu41 from each monomer. Helix II residues Ile33, Ala36, Ile37, and Tyr40 from both chains form a tight interaction in the dimer interface. Leu41 from chain A interacts with Leu18 and Ala21 from chain B. Since PpPutA45 is a symmetric dimer, Leu41 from chain B also interacts with Leu18 and Ala21 from chain A. A third hydrophobic interaction site involves the β-sheet, where the side chains of Leu6 and Val8 from both β-strands extend deeply into the hydrophobic pocket between the intertwined helix II from both chains.
Identification of the PpPutA45 DNA interactions
Gel-shift experiments in Fig. 3a show that PpPut45 binds to put intergenic DNA from both P. putida (361 base pairs) and E. coli (419 base pairs). Sequence analysis of the put intergenic DNA region from P. putida revealed it contains five repeats of the 5′-GTTGCA-3′ sequence motif similar to that found in the put control DNA region of E. coli. EcPutA displays high affinity to a site designated as operator 2 (O2).18 A crystal structure of the EcPutA RHH domain complexed to a 21-bp oligomer (5′-T 1 TTGCGGTTGCACCTTTCAAA 21 -3′) containing site O2 and flanking sequences was recently solved.18 Using this PutA-DNA binding site, we sought to determine the minimal oligonucleotide length required for PpPutA45 binding to DNA for NMR studies of PpPutA45-DNA interactions. PpPutA45 binding to oligomers of 12-bp (O2-12bp) and 14-bp (O2-14) were tested by gel-shift assays. Fig. 3b shows that no significant binding of PpPutA45 to O2-12 was observed while binding to O2-14 was clearly evident at 400 nM of PpPutA45 in the binding mixture. A dissociation constant of ~ 340 nM for the PpPutA45-O2-14 complex was determined by a reciprocal plot of the fraction of DNA-bound versus PpPutA45 concentration. These results as well as visualizing the EcPutA-DNA model shows T 16 and T 17 may play a role in PpPutA45 binding to the DNA. The two nucleotides are part of the minor groove where there is a possible interaction with Trp31. Removing the two nucleotides may decrease binding activity, due to the lack of interactions between the minor groove and Trp31.
NMR chemical shift perturbation analysis was used to identify the DNA binding site on the molecular surface of PpPutA45 and generate a PpPutA45-DNA model using the O2-14 oligomer. A free PpPutA45 sample and a PpPutA45-O2-14 mixture with DNA in slightly molar excess were used to collect 2D 1 H- 15 N TROSY experiments on a 800 MHz NMR spectrometer. An initial 2D 1 H-15 N HSQC spectrum at 600 MHz of the PpPutA45:O2-14 complex yielded surprisingly broad NMR peaks, presumably due to slow exchange of the complex because of the relatively high salt concentration (200 mM NaCl) required to stabilize PpPutA45. The 2D 15 N-TROSY experiments at 800 MHz resolved this issue and a binding interaction was clearly evident by the presence of numerous chemical shift changes from comparing the 2D 1 H-15 N TROSY spectra of the free PpPutA45 with the PpPutA45:O2-14 complex. Fig. 4a shows a chemical shift difference plot for the PpPutA45 residues perturbed by the presence of O2-14. Nearly all the PpPutA45 amide peaks in the 2D 15 N-TROSY spectra incurred a chemical shift change upon the addition of O2-14 ( Fig. 4b ). This includes residues involved in the hydrophobic dimer interface, suggesting a potential change in the orientation of the monomers. Residues Ala2, Asp26, and Ile33 displayed the greatest chemical shift changes in the PpPutA45:O2-14 complex. Thr5, Gly7 and Lys9 were expected to bind to the major groove of O2-14. The amide NMR peaks in the 2D 1 H-15 N TROSY spectrum for Gly7 and Lys9 disappeared in the presence of O2-14, but Thr5 only exhibited a small chemical shift change. His30 and Lys34 also disappeared when bound to O2-14. Therefore, the disappearance of peaks due to interactions with the DNA is not displayed in the plot of chemical shift changes in Fig. 4a . The unique changes in the 2D 15 N-TROSY spectra displayed by Gly7, Lys9 and His30 suggest a direct interaction with O2-14.
Electrostatic interactions play an important role in protein-DNA binding, in which positively charged protein residues bind to the negatively charged phosphate DNA backbone. Comparison of the electrostatic potential with the observed chemical shift changes on the GRASP molecular surface of PpPutA45 (Fig. 4c-d) indicates this expected correlation. A strong positive electrostatic potential resulting from residues Lys9, Arg15, His30, and Lys34 surrounds the PpPutA45 β-sheet. This positive electrostatic potential surface also corresponds to large chemical shift changes observed in the PpPutA45:O2-14 complex. Therefore, the PpPutA45 molecular surface where a strong positive electrostatic potential surrounds a β-sheet is the proposed O2-14 binding site.
Structural model of the PpPutA45-DNA complex
Five clusters were obtained from the 200 calculated structures after water refinement. The average intermolecular energies for the clusters are −508, −507, −477, −470, −479 kcal/ mol −1 , respectively. The lowest energy cluster contained a total of 25 structures, where the 10 lowest energy structures were averaged and minimized for further analysis. The Haddock docking of the dimeric PpPutA45 structure to the canonical B-DNA structure of O2-14 yielded a robust model with no steric clashes (Fig. 5) . Low van der Waal and electrostatic energies of −638 ± 11 kcal/mol −1 and −4,194 ± 53 kcal/mol −1 , respectively, were observed for the ensemble of structures. Similarly, the PpPutA45:O2-14 structures exhibited a backbone RMSD from the average structure of 0.88 ± 0.36 Å. The PpPutA45 backbone RMSD in the complex is 0.66 ± 0.20 Å, which is comparable to the RMSD observed for the NMR refinement of the PpPutA45 structure (Table I ). An apparently high number of AIR violations of 34.9 ± 2.9 were observed for the complex. This is due to the unbiased selection of all the residues displaying a chemical shift greater than 0.03 ppm that was combined with all but the terminal nucleotides as possible interactions in the complex. Clearly a sub-set of PpPutA45 residues experience a chemical shift change in the PpPutA45:O2-14 complex that was not due to a direct interaction with O2-14. All of these residues would contribute to the AIR violation number. Table II summarize the results for the ensemble of the 10 lowest energy structures. The PpPutA45: O2-14 model was deposited into the PDB (2JXI).
The PpPutA45:O2-14 Haddock model indicates that the PpPutA45 β-sheet fits into the major groove of O2-14, where it interacts with the conserved GTTGCA sequence element. Helices I from both PpPutA45 chains are positioned approximately parallel to the phosphate backbone, where the N-terminal residues of helices II are perpendicularly directed towards the phosphate backbone. This positions residues Arg15, Thr28, and His30 to provide a positive electrostatic interaction between PpPutA45 and the phosphate backbone of O2-14. These salt-bridge interactions may be stabilized by hydrophobic shielding from the solvent by Trp31.51 An electrostatic potential surface of PpPutA45, within the model complex ( Fig.  5c-d) , illustrates that the highly positive charged surface of PpPutA45 perfectly matches the O2-14 phosphate DNA backbone. Conversely, the PpPutA45 surface opposite to the DNAbinding face consists mostly of polar regions and a few charged areas, which presumably contribute to the solubility of the complex and are not involved in DNA binding.
Direct contacts between PpPutA45 and O2-14 in the model of the PpPutA45-DNA complex are diagrammed in Fig. 6 . PpPutA45 β-sheet residues Thr5, Gly7 and Lys9 interact with the major groove base pairs or phosphate groups of the nucleotides G 7 TTGCAC 13 . Lys9 of PpPutA45 chain B interacts with the thymine (T8) base on the 5′ strand while Lys9 from chain A interacts with the thymine (T10) on the 3′ strand. Thr5 from chains A and B interacts symmetrically with cytosine bases C11 and C12 on the 5′ and 3′ strands, respectively. Gly7 from chain A interacts with cytosine (C12) on the 3′ strand, and Gly7 from chain B interacts with thymine (T8) on the 5′ strand.
Comparison of the E. coli and P. putida PutA and PutA-DNA structures The PpPutA45 NMR structure was compared to the x-ray structure of EcPutA52 from E. coli (Fig. 7a) . 15 The sequence identity between the two RHH domains of PpPutA and EcPutA is nearly 77%. The superposition of the backbone atoms from both structures yielded a RMSD of 1.72 Å. Some differences between the structures, however, are observed due to variations in specific residues such as the substitution of Ala13 in EcPutA with Pro in PpPutA. The relatively large difference in the φ (16°) between Pro13 in PpPutA and Ala13 in EcPutA results in the displacement of helix I in the PpPutA45 NMR structure relative to the EcPutA52 structure. The displacement of helix I is propagated in PpPutA45 causing the orientation of helix II to be slightly bent and out of register with helix II of EcPutA52. The bend of helix II in PpPutA45 allows for proper positioning of helix II residues (Leu32, Ile33, Ala36, Ile37, Tyr40, and Leu41) that form the hydrophobic core of the RHH domain.
The overall structural model of the P. putida PutA45:O2-14 complex is also similar to the E. coli PutA52-DNA x-ray crystal structure supporting the validity of the Haddock approach. Superposition of the backbone atoms from the PpPutA45 and EcPutA52 DNA complexes yielded and an RMSD of 2.14Å (Fig. 7b) . The footprint of PpPutA-DNA and EcPutA-DNA complex shows similar binding in a 9-bp region. The side chains of Thr5 and Lys9, which are involved in DNA recognition, extend toward the same general location in both structures but some differences are observed (Fig. 7c) . In EcPutA, Lys9 of both chains makes symmetrical hydrogen bond contacts with G6 and G7 of the 5′-3′ strand and G8 and G9 of the 3′-5′ strand. In the PpPutA45-DNA structure, Lys9 of chain A makes contacts with T10 of the 3′-5′ strand while Lys9 of chain B interacts with T8. Thus, the PpPutA45-DNA complex model suggests that Lys9 can sample various confirmations allowing for diverse RHH-DNA interactions. A peculiar feature noted in the EcPutA-DNA structure was the unusual involvement of Gly7 in DNA recognition. In EcPutA, Gly7 of chain A interacts with G11 of the 3′-5′ strand and Gly7 of chain B interacts with T9 of the 5′-3′ strand. In PpPutA45, Gly7 of chain A interacts with C12 of the 3′-5′ strand and Gly7 of chain B interacts with T8 of 5′-3′ strand. A non-varying interaction appears to be Thr5 which contacts C11 and C12 of the 5′-3′ and 3′-5′strands, respectively, in the PpPutA45-DNA complex model similar to that found in the EcPutA52-DNA complex structure. Protein interactions with the phosphate backbone of the DNA are mediated by His30 and Thr28 similar to the EcPutA52-DNA complex but additional phosphate backbone contacts in the PpPutA45-DNA model are evident for Arg15.
The differences observed between the PpPutA45-DNA and EcPutA-DNA complexes may be functionally meaningful or may just represent conformational sampling in PutA-DNA recognition patterns. In put control DNA from various organisms with the same genetic organization as that found in P. putida and E. coli, the base pairs flanking the conserved sequence element GTTGCA vary at the different binding sites. From the x-ray crystal structure of the EcPutA-DNA complex, operators with the GGTTGCACC sequence were proposed to be the optimal binding sites and exhibit higher PutA-binding affinity than other operators that do not have the flanking guanine and cytosine base pairs. 18 In P. putida, two operator sites have the sequence AGTTGCACC while the other three operator sites have the proposed optimal binding sequence.18 From the PpPutA45 NMR structure, it appears that Lys9 has inherent flexibility and can form hydrogen bonds with the neighboring thymine base pair presumably with the C4 carbonyl. Thus, in operators that lack the optimal sequence Lys9 may help maintain sequence specific recognition by forming alternative hydrogen bond interactions with nearby bases such as thymine.
Sequence and structural comparison of the PutA RHH and PRODH domains
The solution structure of PpPutA45 verifies its membership in the RHH superfamily. Other members of this superfamily include CopG, MetJ, Arc, Mnt, Omega, FitA, NikR, CcdA, ParG, and ParD families. 16 The sequence identity between each family can be as low as 15.4%, despite a high similarity in both structure and function. 16 The β-sheet and the Nterminal region of helix II of the RHH structure support the recognition of specific DNA sequences.17 Most members of the RHH superfamily are transcription repressors with one exception being AlgZ, which is both an activator and a repressor in Pseudomonas aeruginosa. 52 The sequence alignment of the RHH domains for the PutA family is shown in Fig. 8a . It is readily apparent that a high sequence identity exists between all members of the PutA RHH family with highly conserved residues having functionally or structurally important roles. These residues are involved in DNA binding or hydrophobic interactions within the protein core or dimer interface. Thr5, Gly7, and Lys9 of the RHH β-sheet are important for sequence specific interactions with the conserved GTTGCA DNA sequence while R15 in Helix I and Thr28 and His30 in Helix II contact the phosphate backbone of the DNA. Leu18, Ala22, Leu32 and Pro29 form part of the hydrophobic core and Ala36, Ile37 and Tyr40 are part of helix II that is involved in the dimer interface. The significant percentage of residues that are structurally or functionally critical suggests that the high conservation of the PutA RHH domain may be explained by an optimized protein architecture.
The majority of prokaryotes use proline as a viable energy source; however, the only organism known to inherit the RHH domain of PutA is the enteric bacteria.53 , 54 Although residues in the RHH domain are highly conserved among PutA proteins slight differences do exist, such as the Pro13 substitution in PutA from P. putida. The sequence variations appear to correlate with the evolutionary divergence of bacteria that contain a PutA RHH domain. A phylogenetic tree based on 66 known PutA RHH sequences is illustrated in Fig. 8b . The two major branches correspond to the beta and gamma proteobacteria classes. All the members in the gamma branch are members of the Enterobacteriacaea family illustrating that the RHH domain is highly conserved among enteric bacteria, for example, E. coli and S. boydii have identical sequences. Pseudomonas, which is a gamma proteobacteria, but not a member of the Enterobacteriacaea family, is in the beta branch. The Ralstonia and Burkholderia genus are part of a common node in the beta branch, since both belong to the Burkholderiales order. The Ralstonia genus was previously included in the Pseudomonas genus, which also explains the grouping of Pseudomonas in the beta branch. A nearly identical phylogenetic tree is obtained using the PutA PRODH domain (Fig. 8c) . These results are consistent with a bacterial phylogenetic tree based on 16S rRNA gene sequences, despite the high sequence and structure conservation of the PutA protein.
Protein evolutionary rates are correlated with the dispensability of a protein instead of the essentiality of the protein. 55 Additionally, protein-protein interactions have been proposed to constrain protein evolution.56 A protein with a high number of binding partners or protein interaction number (PIN) experiences a low evolutionary rate. Also, protein binding partners have correlated evolutionary rates. These factors appear to play a role in the high conservation of the PutA RHH domain. Proline utilization is not an essential biochemical function for bacteria, but presumably it provides a competitive advantage when nutrients are limited. Therefore bacteria will be preferentially selected that maintain PutA activity. Since PutA is a multidomain protein and proline binding to the PRODH domain converts the protein from a transcriptional repressor to a membrane bound metabolic enzyme, domain interactions are expected to be important in PutA functionality. The high conservation of solvent exposed residues Ile25, Asp26, Arg27, Glu35 and Phe38, which form a separate and distinct surface from the DNA binding site, is suggestive of a potential PutA interdomain interaction site. This is also consistent with the correlated high conservation of the PRODH sequence, since interacting proteins are expected to evolve at similar rates. Essentially, a high percentage of the PutA RHH residues are critical for maintaining the protein's function either through a direct DNA interaction, by stabilizing the RHH fold or by responding to proline binding through interdomain interactions. Conversely, the functionally dispensable RHH residues experience a normal substitution rate, which account for the bacterial divergence observed in the PutA phylogenic tree. These results imply either a direct interaction between the PRODH and RHH domains or an indirect interaction modulated by the intervening flexible domain of unknown function (residues 141-262) that undergoes a large conformational change upon proline binding.9
CONCLUSION
The NMR solution structure of PpPutA45 and an experimentally derived PpPutA45-DNA model confirms the protein adopts an RHH fold and binds a DNA oligomer containing the consensus GTTGCAC sequence. The PpPutA45 and PpPutA45-DNA complex are similar to the corresponding x-ray structures of EcPutA52 and display comparable DNA binding characteristics. The NMR structure verifies that PpPutA45 is a member of the CopG/MetJ superfamily, where the two helices and the β-strand of each chain form a stable hydrophobic core. The PpPutA45 β-sheet fits into the DNA major groove and binds to the GTTGCAC region which is conserved in all five operator sites of the P. putida control DNA. 18 The positive electrostatic surface that surrounds the β-sheet also plays a role in stabilizing the DNA complex by binding to the phosphate backbone. A phylogenic tree based on either the RHH or PRODH sequence predicts similar bacterial divergences as observed previously with 16S rRNA gene sequences. Nevertheless, multiple factors, including interdomain interactions, appear to explain the high sequence and structure conservation for PutA RHH, while little sequence similarity is maintained across the RHH superfamily. Sedimentation analysis of PpPutA45 (0.9 mg/ml). PpPutA45 was centrifuged at 25000 rpm for up to 28 h at 20 °C. The solid line through the points is the weighted nonlinear leastsquares fit for a single species of 12.0 kDa. Gel-mobility shift assays of PpPutA45. A, Gel-shift assays in which increasing concentrations of PpPutA45 were added to binding mixtures containing IRdye-700 labeled put intergenic DNA (2 nM) from P. putida (PpPutC) or E. coli (EcPutC) and 100 μg/ml of nonspecific calf thymus DNA at 23 °C. B, Gel-shift assays of PpPutA45 with O2-12 and O2-14. Double stranded O2-12 and O2-14 (100 nM) were incubated with increasing concentrations of PpPutA45 (0 -400 nM) in 20 mM potassium phosphate buffer (pH 7.4, 100 mM NaCl). The protein-DNA complexes were then separated using a nondenaturing polyacrylamide gel (8%) native gel at 4 °C. C, Nucleotide sequence of the O2 site from E. coli put intergenic DNA and the 14-bp (O2-14) and 12-bp (O2-12) oligomers used in panel B for the gel-shift analysis. Oligomer O2-14 was used for the NMR studies of the PpPutA45-DNA complex. Highlighted in bold is the base pair region that makes contacts with PutA residues in the PpPutA45-DNA structure. Schematic representation of the PpPutA45 and O2-14 residues involved in specific interactions in the PpPutA45:O2-14 DNA complex. Arrows indicate interaction with either phosphate group (p) or the base group (base-pair number). a) P. putida PutA45 (blue) superimposed on the x-ray structure of E. coli PutA52 (pink). The side chains for residue T5, G7, and K9, which bind to the GTTGCA DNA sequence, are shown as licorice bonds. b) PpPutA45:O2-14 NMR based complex (blue) superimposed on the E. coli PutA52-DNA complex (pink). c) Expanded view of the superimposed sidechains for P. putida PutA45 (blue) and E. coli PutA52 (pink) involved in a direct interaction with DNA. f EL-J is the Lennard-Jones-van der Waals energy calculated with the CHARMM empirical energy function.
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g The improper torsion restraints serve to maintain planarity and chirality.
h These were calculated using the PROCHECK program.
i The residues in the regular secondary structure are: 12-24 (α1), 30-45 (α2), 3-10 (β1).
